The distribution of abscisic acid (ABA) within maize (Zea mays L.) kernels was studied in kernels from nontreated plants, from plants in which assimilate supply had been altered by source/sink manipulations, and in kernels cultured in vitro on ABA-free media. Prior to growth of the embryo, both the pedicel/placento-chalazal complex and the endosperm contained high concentration of ABA; however, the quantity of ABA in these tissues declined as the concentration in the embryo increased during the early stages of embryo growth. Peaks in the levels of ABA appeared to occur prior to and not concurrent with physiological events during grain filling. During most of the grain filling period, ABA concentration in the embryo was higher than that found in other kernel components. Altering assimilate supply by partial defoliation at two stages of development resulted in variable and transient effects on the relative distribution and concentration of ABA in kernel components. The concentration and distribution of ABA among components of kernels grown in vitro was similar to that observed for field-grown kernels. On the basis of these findings, in situ synthesis of ABA by kernel components is implicated and the putative role of ABA in the regulation of kernel development is discussed.
Weight per kernel is an important component of grain yield of maize and may be limiting in some genotypes or environments. Differences in the rate of kernel growth and final kernel weight may be related to differences in the demand for assimilates (i.e. the sink strength of kernels), which may be under hormonal control. ABA has been implicated in the regulation of sink strength in small grains (2, 11, 13, 16, 22) , soybeans (17) , and some horticultural crops (3, 8, 14, 25, 26) through mediation of phloem unloading. Similar information has not been reported for maize.
The manner in which ABA mediates assimilate unloading in sinks is not clearly defined. A model by Tanner (21) suggests that ABA may enhance active unloading processes directly by reducing the proton motive force across the sieve tube plasmalemma by decreasing the activity of the plasma membrane ATPase, thereby stimulating the efflux of sucrose into the apoplast by H+/sucrose cotransport. Vreugdenhil (23) (2, 16, 20, 22) . In addition, ABA has been implicated in the regulation of embryogenesis and may promote or inhibit embryo growth (24) . Such data suggest that ABA may regulate the import ofassimilates by developing grains, therefore mediating the grain filling process. In maize, it has been proposed that sucrose moves from the phloem throughout the pedicel (4, 15, 19) . Sucrose is subsequently unloaded into the apoplast and inverted to fructose and glucose by acid invertase. The hexoses are then absorbed from the apoplast into the endosperm storage tissues by the basal endosperm transfer cells and into the developing embryo (7) . It appears that the uptake of sucrose by the embryo requires metabolic energy (7) , whereas the unloading of sucrose into the apoplast does not (15) nor does the subsequent uptake of hexoses by the endosperm (7). Tanner's model (21) and findings of Vreugdenhil (23) may suggest that ABA mediates assimilate unloading and transport into kernel components (i.e. pedicel, endosperm, embryo) regardless of which transport mechanism is operative. Alternatively, ABA may affect acid invertase activity directly (1, 5) .
The level of ABA in seeds has been found to increase during development usually coincidently with accumulation ofdry mass and reaches a maximum prior to physiological maturity (8, 11, 13, 16, 17) . Typically, the ABA concentration in cereals is generally lower than found in legumes (8, 11, 13 16, 17) . However, because of the complexity and physiological specificity of tissues that comprise developing seed, the distribution of ABA is also important. In wheat and soybeans the embryo contains 4-to 10-fold greater concentration of ABA compared to other seed components (12, 17) . Recently, however, the seed coat of soybeans has been shown to contain substantial concentrations of ABA (17) . Similar information regarding the content and distribution of ABA in developing maize kernels has not been reported. Such information and the evidence ofthe extent to which ABA content of kernels represent import from the maternal plant versus in situ synthesis is essential for a full understanding of the putative role of ABA in grain filling in maize. We report here that the ABA concentration is highest in the embryo and the pedicel/placento-chalazal complex and present evidence that a significant portion of the ABA present in the kernel is synthesized in situ. The implications of these findings to regulation of sugar transport and grain filling in maize are discussed. ( 17) .
MATERIALS AND METHODS
Prior to extraction 4872 dpm (20 pg) of ± cis, trans-[G-3H]ABA was added to each sample for recovery quantification (which averaged 55%). Following extraction, samples were subjected to preparative HPLC and ABA quantification by GLC as described by Schussler et al. ( 17) .
RESULTS
Initial Experiments. The profile of dry matter accumulation and the concentration of ABA in each kernel component of 'P3901' is shown in Figure 1 . The ABA concentration (ng/g dry weight) in the pedicel/placento-chalazal (Fig. 1B) complex peaked (898 ng/g dry weight) during the early phase of kernel development (prior to rapid growth of the embryo) but declined to less than 300 ng/g dry weight as the kernel approached the end of cell division in the endosperm and the onset of rapid dry matter accumulation (14) (15) (16) During most of the grain filling period, the highest concentration of ABA was found in the embryo and its profile of ABA content during development was different from that found in pedicel and endosperm. At 16 d PMS, the ABA concentration of the embryo was 363 ng/g dry weight which is comparable to the level found during the same period in the pedicel/placentochalazal complex. However, ABA increased to greater than 1500 ng/g dry weight during the period when the amounts in the pedicel/placento-chalazal complex and the endosperm were declining. Subsequently, however, prior to physiological maturity, the ABA concentration of the embryo declined rapidly to level comparable to that detected in the pedicel tissue.
ABA levels were also expressed (Fig. IC) for field-grown kernels in that the embryo contained the greatest ABA level when expressed on a dry weight (Fig. SB, right) or per kernel component basis (Fig. SC, right) and appeared to peak at approximately 32 d post pollination before declining rather precipitously after kernels had reached physiological maturity. (Fig. 4) . However, the increase was not sustained. After 40 d PMS, when kernels approached physiological maturity, the ABA concentration in the pedicel/placento-chalazal complex of kernels from all treatments was quite low and not significantly different (Fig. 4A) . Partial ear removal and defoliation 24 (Fig.  4B) . When the treatments were applied during the linear fill period (i.e. 24 d PMS) embryo ABA concentration was not affected.
Comparison of Field and in Vitro Grown Kernels. In situ ABA synthesis was assessed by comparing the ABA concentration and content of field-grown kernels of A619 x W64A with similar kernels grown in vitro. It should be noted that the initial rate of kernel growth may be accelerated in vitro but final kernel weight is often reduced as much as 60% (9) (Fig. 5A) . Therefore, direct comparison of ABA content or concentration at any one point during kernel development is difficult. However, some similarities between field-grown and in vitro cultured maize kernel were evident (Fig. 5A) . The distribution patterns and concentration of ABA in in vitro cultured kernels were similar to that observed 
I
Due to a more rapid rate of development in vitro or some unknown factors, the high levels of ABA observed in the pedicel and endosperm of field-grown kernels (Fig. 5, B and C, left) were not detected in those grown in vitro (Fig. 5, B and C, right) . Similarly, the rapid decline in ABA concentration and content of the embryo and endosperm of in vitro cultured kernels was not detected in those developed on field-grown ears since sampling was terminated prior to physiological maturity. DISCUSSION (7, 15, 19) . In soybeans, the seed coat plays a similar role. Schussler et al. (17) reported that the concentration of ABA was higher in the seed coat and hypothesized that ABA stimulates rapid unloading of sucrose into the seed coat apoplast. Therefore, the seed coat is implicated as the regulatory control point of sugar transport into developing soybean seed. A similar role may be proposed for the pedicel/ placento-chalazal complex in maize. The transport of sugars into developing maize kernels appears to be regulated by active and passive transport mechanisms during the unloading of sucrose from the parenchyma cells in the pedicel into the apoplast (i.e. placento-chalazal tissue), or the uptake of hexoses by the endosperm and the embryo. Recent data (7, 15) suggest that the former two processes occur via passive mechanisms in response to sugar concentration gradients, whereas, sugar transport into the developing embryo is facilitative and in part requires the expenditure of metabolic energy (7) . Since the pedicel/placentochalazal complex appears to function as the terminus of the phloem complex in maize, the relatively low concentration and content of ABA in this tissue suggests that ABA may not play a major role in stimulating phloem unloading at this point by increasing passive efflux as has been suggested by Vreugdenhil (23) . Similarly, the relatively low concentration of ABA (ng/g dry weight) in the endosperm may suggest that it does not play a major role in the endosperm's ability to take up hexoses from the apoplast.
It is interesting to note that the ABA levels (ng/g dry weight) in the embryo increase rapidly during the early phases of development (Figs. lB and SB) and were highest (ng/kernel component) just prior to maturity (Figs. IC and SC) when the embryo moisture content and sugar uptake rate are diminishing (7) . Walbot (24) has suggested that ABA regulates the water relations and growth of the embryo by preventing increases in hydrostatic pressure while simultaneously promoting solute accumulation. ABA has been shown to directly affect ion membrane permeability, possibly through interacting with membrane bound ATPase, thus, dissipating the membrane potential and the delta pH across the membrane (21) . Since sugar transport into developing embryos is facilitative (7), the high levels of ABA in the embryo may indirectly affect the putative carrier mediated H+/sugar cotransport across the membrane and result in greater net carbohydrate flux down the sugar gradient. Additional studies are in progress to address these and related questions. However, the fact that peaks in ABA concentration or content appear to occur just prior to the initiation or near the completion of major physiological events in kernel development may suggest that it acts as a 'trigger' rather than as a factor which must constantly be present to mediate grain filling in maize.
The ABA content of maize kernels is the net result of its import, synthesis, export, and metabolism. However, it is not known which of these processes is the major determinant of kernel ABA content. It has been argued that most of the ABA is imported into the seed via the phloem along with photoassimilates from the leaves (2, 8, 18) . If this is the case in maize, we surmised that the imposition of treatments designed to alter assimilate supply and thus kernel growth and mass at maturity would also alter ABA levels in kernel components. Our data show that kernel growth was indeed altered in the expected direction with altered assimilate supply (as indicated by soluble sugar concentrations of the internode subtending the ear). However, the ABA response was variable and was only evident early in development while changes in kernel growth occurred much later. Similarly, During and Alleweldt (3) reported that defoliation and phloem girdling delayed the time but not the level of ABA increase in grape berries. Based on these data it is suggested that leaves may be an important source of ABA during the early stages of development but also implies that the accumulation and distribution of ABA during grain filling is much more complex than can be explained simply by import from the maternal plant. It is interesting to note that in field-grown kernels, peaks in ABA levels (ng/g dry weight) in the pedicel/ placento-chalazal complex, the terminus of the phloem, were coincident in time with peaks in ABA levels in the endosperm but not the embryo. The fact that the embryo does not accumulate ABA in a fashion similar to that observed for the pedicel/ placento-chalazal complex nor the endosperm, and that endosperm ABA concentration changes little with altered assimilate supply may indicate that it is not simply being imported with photoassimilates. Thus, in situ synthesis is implicted as an important mechanism for ABA accumulation in developing maize kernels.
We further addressed the question of in vitro synthesis by comparing the ABA content and distribution in kernels from intact field-grown ears with those developed in vitro on ABAfree, sucrose containing culture media. The ability of in vitro culture kernels to produce a similar level of ABA with comparable distribution patterns among kernel component as kernels from field-grown ears provides circumstantial evidence for in situ synthesis. However, there are two reservations associated with these results. The first is the question ofwhether the osmotic potential of the culture media (-1.1 MPa) was sufficient to trigger loss of kernel water content and, thereby, cell turgor, thus inducing in situ synthesis of ABA. Ouattar and RJ Jones (unpublished data) have found that the moisture content and dry matter accumulation by kernels grown in vitro are insensitive to osmotic potential in the range of -1.1 to -2.4 MPa; however, osmotic potentials below -1.1 MPa were not imposed nor was ABA content measured. The second concern is to what extent the cob tissue associated with the in vitro grown kernels is an initial source of kernel ABA. Recently, it was shown that the cob does contain significant quantities of ABA (33 ng/g fresh weight) at 6 d postpollination (JD Smith, unpublished data). But, it is not known if it was associated with assimilates imported via the phloem from the maternal plant or was synthesized in situ. However, in our in vitro system the cob tissue appears to remain viable for only a few days after culture (R Jones, unpublished data) and contains a quantity of assimilates that can support growth of the kernel for only 8 d (J Hanft, A Reed, unpublished data). Likewise, the ABA associated with the cob tissue in our in vitro culture system may have been short lived. Thus, the cob may have served only as an initial source of ABA found in kernels during the early stages of kernel development but not during the majority of the grain filling period. Additional research is needed to address this concern. Regardless of the resolution of these questions, it seems likely that the seed itself is an important determinant of its ABA content, especially in view of evidence from studies of viviporous mutants (20) . Since the mutation involves a single gene and can be maintained as heterozygotes, both viviporous and normal kernels can be maintained on the same ear and thus the same supply of ABA from the mother plant. The depressed levels of ABA in the embryo of the mutant kernels relative to the wild type strongly suggest that the kernel directly controls the synthesis or alternatively, the degradation of ABA into its metabolites PA and DPA. However, the metabolism of ABA has not been studied in maize kernels. Moreover, if ABA is synthesized in the kernel, the question arises whether synthesis occurs in a particular kernel component with subsequent translocation to other components or if each is capable of ABA synthesis and metabolism.
In summary, during most of the grain filling period, the embryo contains the highest concentration and content of ABA.
Since peaks in ABA content and concentration are observed just prior to the initiation or completion of major physiological events, it is proposed that ABA may play a role in mediation of kernel development in maize by acting as a trigger. The lack of substantial differences in the ABA levels of field-grown kernels and in vitro cultured kernels or those grown in the presence of altered assimilate supply strongly suggests that import from the maternal plant is not the major source of kernel ABA and adds credence to the hypothesis that the kernel itself carries out ABA synthesis. Additional studies are needed before a systematic understanding of the involvement of ABA in the grain filling process is obtained. Furthermore, analysis of ABA in kernel components rather than whole kernels is requisite to the attainment of such information.
